The yeast Mec1/Tel1 kinases, ATM/ATR in mammals, coordinate the DNA damage response by phosphorylating proteins involved in DNA repair and checkpoint pathways. Recently, ATP-dependent chromatin remodeling complexes, such as the INO80 complex, have also been implicated in DNA damage responses, although regulatory mechanisms that direct their function remain unknown. Here, we show that the Ies4 subunit of the INO80 complex is phosphorylated by the Mec1/Tel1 kinases during exposure to DNAdamaging agents. Mutation of Ies4's phosphorylation sites does not significantly affect DNA repair processes, but does influence DNA damage checkpoint responses. Additionally, ies4 phosphorylation mutants are linked to the function of checkpoint regulators, such as the replication checkpoint factors Tof1 and Rad53. These findings establish a chromatin remodeling complex as a functional component in the Mec1/Tel1 DNA damage signaling pathway that modulates checkpoint responses and suggest that posttranslational modification of chromatin remodeling complexes regulates their involvement in distinct processes.
INTRODUCTION
DNA lesions activate a complex and multifaceted DNA damage response pathway, which is comprised of many repair and cell cycle regulatory proteins. Central to the coordination of this DNA damage response in yeast is the Mec1/Tel1 kinase signaling pathway. Mec1 and Tel1 are phosphoinositide-3-kinase-related kinases and are called ATR and ATM, respectively, in mammals. Mutations in ATM/ATR cause DNA damage response deficiencies resulting in disorders, such as Ataxia-telangiectasia, which are characterized by developmental defects, DNA damage sensitivity, and cancer predisposition (Shiloh, 2003) . The ATM/ATR kinases phosphorylate many proteins involved in DNA repair and cell cycle checkpoint pathways, such as p53, CHK2, BRCA1, and NBS1, which when mutated also result in inheritable disorders that are characterized by genetic instability and cancer predisposition (Shiloh, 2003) .
Phosphorylation of many Mec1/Tel1 (ATM/ATR) repair and checkpoint substrates preferentially occurs on an evolutionarily conserved (S/T)Q consensus sequence found in many proteins that are involved in the DNA damage response pathway (Traven and Heierhorst, 2005) . For example, the mammalian H2AX histone variant, which is orthologous to the H2A histones in yeast, is rapidly phosphorylated on its carboxy-terminal SQ motif in chromatin regions surrounding a double-strand break (DSB; Rogakou et al., 1998) . H2AX is a critical component of the DNA damage response, as defects in the regulation of H2AX phosphorylation lead to DNA damage checkpoint alterations, and H2AX deficiency results in genomic instability and cancer predisposition in mice (Bassing et al., 2003; Celeste et al., 2003; Downs et al., 2000; Keogh et al., 2006) . Phosphorylated H2AX, referred to as g-H2AX, is needed for the recruitment and/or retention of several DNA repair proteins (Paull et al., 2000) . Recent studies indicate that yeast g-H2AX is also required for the recruitment of the chromatin remodeling complex INO80 to DSB sites (Downs et al., 2004; Morrison et al., 2004; van Attikum et al., 2004) . Though the INO80 complex has been previously shown to be a transcriptional modulator (Mizuguchi et al., 2004; Shen et al., 2000) , the association of g-H2AX with the INO80 complex during the DNA damage response reveals a new role for this complex. Other studies similarly reveal DNA repair roles for chromatin remodeling complexes previously characterized as transcriptional regulators, such as SWI/SNF, SWR1, and RSC complexes Shen, 2005, 2006; Wong et al., 2006) . The need for regulatory mechanisms that direct the activities of these multisubunit chromatin remodeling complexes in diverse nuclear processes are apparent but not well characterized.
In this study we reveal a novel regulatory mechanism for the INO80 chromatin remodeling complex, in which the Mec1/Tel1 kinases phosphorylate Ies4 (Ino-eighty subunit 4) of the INO80 complex on consensus (S/T)Q motifs to modulate DNA damage checkpoint responses.
RESULTS

The Ies4 Subunit of the Ino80 Complex Is Posttranslationally Modified under DNA-Damaging Conditions
To identify regulatory mechanisms that direct the activities of the INO80 complex, we investigated potential changes in the composition of the INO80 complex under DNAdamaging conditions. However, low-stringency purification of the INO80 complex, which retains several associated proteins, such as histones, reveals no significant loss or gain of proteins within the INO80 complex or among its associated proteins following exposure to the DNA-damaging agent methyl methanesulfonate (MMS; Figure 1A ; Morrison et al., 2004) .
We then examined the possibility of DNA damageinduced posttranslational modifications (PTM) of the INO80 complex, particularly phosphorylation, since phosphorylation accounts for a major component of signaling pathways activated during the DNA damage response. An in-gel stain of purified INO80 detects two proteins that are phosphorylated upon MMS treatment and dephosphorylated by in vitro phosphatase treatment ( Figure 1A ). Western analysis identifies one phosphoprotein as g-H2AX and confirms previous studies that demonstrate an association of g-H2AX with the INO80 complex under DNA-damaging conditions ( Figure 1A ; Morrison et al., 2004) . The other protein identified in the INO80 complex that undergoes DNA damage-induced phosphorylation migrates at a position corresponding to the Ies4 subunit of the INO80 complex (Shen et al., 2003;  Figure 1A ). Deletion of the IES4 gene confirms the identity of this phospho-protein as Ies4 ( Figure 1B) . Furthermore, purification of Ies4 from untreated and MMS-treated cells reveals that there is only slight variation between proteins that associate with Ino80 and Ies4, indicating that Ies4 is primarily found in the INO80 complex and not in other known multisubunit chromatin remodeling complexes ( Figure 1C ).
Ies4 Is Hyperphosphorylated by the Mec1/Tel1
Kinases in Response to DNA Damage A time course of MMS treatment shows that the phosphorylation of Ies4 rapidly increases by 5-fold with maximal phosphorylation occurring within one hour of treatment ( Figure 2A ). Two-dimensional (2D) gel electrophoresis reveals approximately five modified Ies4 spots in the MMS-treated samples compared to a predominately single Ies4 spot in untreated samples, thus indicating that Ies4 acquires multiple PTMs in cells that are exposed to DNA-damaging agents ( Figure 2B ).
To identify the nature of these modifications matrixassisted laser desorption/ionization-mass spectrometry (MALDI-MS) was performed on HPLC-purified Ies4 proteins from both untreated and MMS-treated INO80 complexes ( Figure 2C ). Ies4 from untreated samples is found at 13,004 Daltons (Da), corresponding to unphosphorylated Ies4, and two minor peaks at higher molecular weights, corresponding to phosphorylated Ies4 isoforms. After MMS treatment, a dramatic increase is seen in the peak intensities for phosphorylated Ies4, representing phosphorylation at one to three sites, respectively. Ies4 from MMS-treated samples was digested and analyzed by MALDI-MS to map the sites of phosphorylation ( Figure 2D ). Significant phosphorylation of the peptide from residues 1-19 (SQESSVLSESQEQLANNPK), which contains five serines, is observed in MMS-treated samples with masses equivalent to the peptide ion containing residues 1-19 in an unphosphorylated state (2116 Da) + 1 phosphate (P i ), +2 P i , +3 P i , +3 P i Na, and +4 P i Na, respectively. The peptide containing residues 1-31 (SQESSVL SESQEQLANNPKIEDTSPPSANSR) is observed with up to three phosphorylation sites, again with peptide ionsodium adducts prominent at higher phosphorylation levels. The quadruply-phosphorylated peptide is not labeled in the figure but is observed in the weak peaks at 3691 (+4 P i ) and 3715 (+4 P i Na) Da. Phosphorylation of these peptides was further confirmed by MALDI-post source decay (PSD; data not shown).
Interestingly, this Ies4 N-terminal sequence contains two serines in Mec1/Tel1 (ATM/ATR) kinase (S/T)Q consensus sites, which surround three other serines ( Figure 3A ). Utilizing yeast strains containing specific kinase deletions, we found that loss of both MEC1 and TEL1 abolishes the in vivo induction of Ies4 phosphorylation during the DNA damage response ( Figure 3B ). However, when downstream targets of Mec1, the Rad53 and Chk1 kinases, are mutated there is no significant reduction in the phosphorylation of Ies4 in MMS-treated cells. Because deletion of either MEC1 or TEL1 alone deregulates Ies4 phosphorylation but does not reduce the level of Ies4 phosphorylation to the extent seen in the mec1 tel1 double mutant, it is probable that compensating mechanisms for maintenance of phosphorylated Ies4 exist in strains lacking either Mec1 or Tel1 kinase activity alone.
As previously shown, the MMS-treated wild-type sample is observed as multiple Ies4 spots in a 2D gel ( Figure 2B ). However, in cells lacking the Mec1/Tel1 kinases, either untreated or MMS-treated, Ies4 migrates to a spot that correlates with unphosphorylated Ies4 (Figures 3C and 2B ). Glutamic acid substitution of the five serines in the Ies4 N terminus mimics phosphorylation and changes the isoelectric point of the protein to one that is comparable with the more acidic, and presumably highly phosphorylated, isoform in the MMS-treated wildtype strain ( Figures 3C and 2B) . Importantly, the migration of the protein in this mutant that mimics highly phosphorylated Ies4 remains unchanged with or without the addition of MMS, suggesting that these mutated amino acids are responsible for the changes in the DNA damageinduced migration of wild-type Ies4 ( Figures 3C and 2B) .
Additionally, in vitro kinase assays using immunoprecipitated Mec1 or Tel1 and the INO80 complex demonstrate that Ies4 is phosphorylated by both Mec1 and Tel1 kinases ( Figure 3D ). The Mec1 kinase reaction can be inhibited by the addition of the PI-3 kinase inhibitor wortmannin ( Figure 3D ). However, because wortmannin is a less effective inhibitor of in vitro Tel1 kinase activity (Mallory and Petes, 2000) , replacing the active Tel1 kinase with one containing a mutant kinase domain (kinase-dead) greatly diminishes the phosphorylation of Ies4 ( Figure 3D ). Furthermore, in vitro DNA-and nucleosome-stimulated ATPase assays indicate that MMS treatment reduces the activity of INO80 purified from wild-type cells and that this reduction is modestly, but consistently, diminished in INO80 complexes purified from mec1 tel1 mutant cells ( Figure S1 ), suggesting that Mec1/Tel1 may modulate INO80 activity during DNA damage responses. Thus, these findings indicate that the Ies4 subunit of the INO80 complex is hyperphosphorylated by the Mec1/ Tel1 kinases in response to DNA damage and establish an ATP-dependent chromatin remodeling complex as a novel target in the Mec1/Tel1 pathway. (B) INO80 complexes from wild-type and IES4 deletion BY4733 strains containing chromosomally FLAG-tagged INO80 were untreated or treated with MMS and purified as described in Figure 1A . Electrophoresed samples were stained with Pro-Q Diamond Phospho-protein Stain (right panel) followed by silver stain (left panel). (C) BY4741 strains containing plasmids encoding FLAG-tagged Ino80 (Ino80-F) and Flag-tagged Ies4 (Ies4-F) were either untreated or treated with MMS and purified with 0.5 M KCl buffer. Silver-stained gel is shown with INO80 complex subunits labeled. The asterisk (*) indicates the alcohol dehydrogenase contaminant, ADH1, commonly found in purified proteins from MMS-treated samples.
ies4 Phosphorylation Mutations Affect DNA Damage Responses Because the Mec1/Tel1 kinases activate critical DNA damage signaling pathways, we investigated the influence of phosphorylated Ies4 on DNA damage responses by utilizing ies4 phosphorylation mutants containing either serine to alanine mutations that block phosphorylation, or serine to glutamic acid mutations that mimic phosphorylation, of the serines located in the N terminus of Ies4 ( Figure 3A) . Interestingly, the serine to glutamic acid mutations of Ies4 result in reduced viability in the presence of the DNA-damaging agents MMS and hydroxyurea (HU), while the serine to alanine mutations of Ies4, as well as ies4D, result in viability similar to wild-type cells ( Figure 4A ). Purification of the INO80 complex in cells that express these ies4 phosphorylation mutants shows no detectable change in the composition of the complex; thus the reduced viability (hypersensitivity) of the ies4 phosphorylation mutants cannot be attributed to subunit changes within the complex ( Figure 4C ). In addition, both mutation of the five serines (at amino acid positions 2, 5, 6, 9, and 11) of Ies4 and mutation of only the two serines within the Mec1/Tel1 consensus sites (at amino acid positions 2 and 11) result in the same level of viability in the presence of DNA-damaging agents, suggesting that differently phosphorylated forms of Ies4 have redundant functions.
Additionally, deletion of NHP10 suppresses the DNA damage sensitivity phenotype seen in the ies4 mutant that mimics persistent phosphorylation ( Figure 4B ). Loss of the Nhp10 subunit of the INO80 complex reduces the association of the complex to chromatin regions surrounding DSBs that contain g-H2AX (Morrison et al., 2004) . Moreover, chromatin immunoprecipitation (ChIP) experiments reveal that the recruitment of Ino80 and Ies4 to an HO endonuclease-induced DSB is not altered by expression of the ies4 phosphorylation mutants ( Figure S2 ). These results suggest that phosphorylated Ies4 functions through and is dependent on a functional INO80 complex that is able to localize to regions of damaged DNA. Notably, these results demonstrate that the DNA damage response is altered in cells that mimic persistently phosphorylated Ies4 and not in cells that block Ies4 phosphorylation. This may be due to compensating and/or redundant mechanisms that exist for the function of phosphorylated Ies4 during the DNA damage response. Indeed, deletion of TEL1, the kinase predominantly necessary for the in vivo DNA damage-induced phosphorylation of Ies4 ( Figure 3B ), does not result in reduced viability of cells treated with DNA-damaging agents, while deletion of both TEL1 and MEC1 results in synergistic lethality of cells exposed to DNA-damaging agents (Morrow et al., 1995) . An examination of the factors that compensate for the loss of Ies4 phosphorylation will be discussed in detail later in the text.
The effect of the mutant that mimics phosphorylated Ies4 on the DNA damage response does not appear to be an indirect affect on the transcription of genes that are classified as DNA repair-related by the Saccharomyces Genome Database (SGD), as assayed by transcriptional microarray analysis (data not shown). Furthermore, ies4 phosphorylation mutants differ from an ino80 mutant in that transcription of far fewer genes is affected by the mutant that mimics phosphorylated Ies4 compared to an ino80 mutant and that unlike strains that lack INO80, ies4 phosphorylation mutants do not cause inositol auxotrophy, a phenotype which signifies defects in the general transcription machinery ( Figure S3 ). Thus, while INO80 is involved in multiple nuclear processes, such as transcription and DNA repair, these results show that disturbing the normal cellular regulation of Ies4 phosphorylation alters the function of INO80 specifically during the DNA damage response. ies4 Phosphorylation Mutations Do Not Alter DNA Damage Repair Processes In order to determine if mutation of Ies4's phosphorylation sites disrupts DNA repair processes we investigated the proficiency of DSB repair via nonhomologous end-joining (NHEJ) and homologous recombination (HR). We first monitored the 5 0 -3 0 single-strand DNA resection that occurs after endonuclease-induced DSB formation at the MAT locus in ies4 phosphorylation mutants by Southern blot analyses (White and Haber, 1990) . Because the EcoRI enzyme cannot cleave single-strand DNA generated by the resection, the signals of the two digested bands in wild-type cells eventually disappear four hours after DSB induction ( Figure 5A ). Deletion of the INO80 subunits NHP10 and ARP8 leads to the persistence of the digested DNA signals, indicating a delay in DNA resection (Figure 5A ; data not shown). Conversely, the rate of DNA resection is not significantly altered in the ies4 mutant that mimics phosphorylation ( Figure 5A ). However, there is a slight increase in the kinetics of single-strand resection in the ies4 mutant that prevents phosphorylation. Nevertheless, this effect appears to be relatively minor compared to the resection defects in the nhp10 mutant strain ( Figure 5A ) and does not phenotypically result in deficiencies in the DNA damage response ( Figure 4A) .
Furthermore, the ies4 phosphorylation mutants did not appear to affect any step of HR that was analyzedincluding strand invasion, ligation of repaired ends, product formation, as well as cell survival following creation of a DSB-using model systems that repair the DSB via an ectopic donor or single-strand annealing ( Figures S4B,  S4C , S4D, and S5). In addition no significant defects were observed in the survival of cells undergoing NHEJ of a DSB due to the lack of a homologous donor sequence ( Figure S4A ). Taken together, these results suggest that while certain INO80 subunits, such as Nhp10 and Arp8, affect the repair process of an endonuclease-induced DSB, the phosphorylation status of Ies4 has only a minor influence on these activities. These observations also highlight the notion that different subunits of the INO80 complex have distinct functions in DNA damage responses.
Mutation of Ies4's Phosphorylation Sites Influences DNA Damage Checkpoint Pathways As previously mentioned, the Mec1/Tel1 (ATM/ATR) kinases coordinate DNA damage checkpoint responses by phosphorylating cell cycle regulatory proteins, such as Rad53 (Chk2 in mammals; Sanchez et al., 1996) . In particular, wild-type asynchronous cells activate a Mec1-and Rad53-dependent checkpoint in early S phase when treated with MMS (Paulovich and Hartwell, 1995) . Because Rad53 undergoes Mec1-dependent autophosphorylation in order to become activated, an examination of the change in electrophoretic mobility and in situ autophosphorylation (ISA) of Rad53 is used to monitor DNA damage checkpoint activation (Pellicioli et al., 1999) . When exposed to MMS, cells expressing mutations that mimic persistent Ies4 phosphorylation have an increase in Rad53 phosphorylation and activity, indicative of an elevated checkpoint response ( Figures 5B and S6) . Accordingly, the cell cycle profile of this ies4 mutant is altered upon exposure to DNA-damaging agents and undergoes a more pronounced cell cycle arrest compared to wild-type cells, a result which is also representative of an increased checkpoint response ( Figures 5C and 5D ). In contrast, the cell cycle profile of the ies4 mutant that cannot be phosphorylated is similar to that of wild-type cells (Figures 5C and 5D ; data not shown). The checkpoint status of the ies4 phosphorylation mutants is consistent with the phenotypes of these strains grown under DNA-damaging conditions ( Figure 4A ), as an inappropriate increase in checkpoint activation should result in a decrease in proliferation. Our data suggest that phosphorylation of Ies4 by the Mec1/Tel1 kinases is an important part of the DNA damage response and that disruption of this step by expression of a mutant that mimics persistent Ies4 phosphorylation results in a heightened checkpoint response. However, it should be noted that this elevated checkpoint response is not a result of significant defects in checkpoint release or persistence following exposure to DNA-damaging agents ( Figure S7 ), as observed in cells that lack H2AX phosphatase activity (Keogh et al., 2006) . During recovery, cellular levels of g-H2AX are slightly altered in the ies4 mutant that mimics persistent phosphorylation; however, this does not appear to affect cell survival ( Figure S7 ). Additionally, the amount of g-H2AX that associates with the purified Figure 5C . (E) Quantitative analysis using E-MAP technology of double mutant genetic interactions is shown. ies4 phosphorylation mutants are described in Figure 4A . In this representation, aggravating (blue) and alleviating (yellow) genetic interactions are visualized using a blue/yellow scale.
INO80 complex is not significantly changed in the ies4 phosphorylation mutants ( Figure S8 ).
We then genetically analyzed ies4 phosphorylation mutants by systemically creating double deletion strains using synthetic genetic array (SGA) technology (Tong et al., 2004 ) in a high-density epistatic miniarray profile (E-MAP) format (Collins et al., 2007; Schuldiner et al., 2005) . Briefly, the mutants were crossed to a set of gene deletions that have been previously implicated in various aspects of chromosome function, including DNA repair and transcriptional regulation (Collins et al., 2007) . The high-density nature of the approach combined with the implementation of novel analytical strategies (Collins et al., 2006) allows for the identification of not only synthetic sick/lethal interactions (aggravating) but also interactions where the double mutant actually grows better than would be expected from growth of the two single mutants (alleviating). The latter set of genetic interactions are often more revealing than synthetic sick/lethal relationships because they often identify cases where the genes that are working in the same pathway in vivo (Collins et al., 2007; Schuldiner et al., 2005) . Mutation of the five serines in the Ies4 N terminus, either to glutamic acid or alanine, results in very similar genetic profiles overall ( Figure S9 ; Table S1 ). However, substitution of these five serines with glutamic acid, but not with alanine, results in alleviating genetic interactions with two checkpoint genes, RAD9 and DDC1 (Rouse and Jackson, 2002) , as well as with PSY2, a component of the H2AX phosphatase complex, HTP-C, which has been linked to checkpoint regulation (Keogh et al., 2006;  Figure 5E ).
Genetic interactions, either alleviating or aggravating, were much less prominent when either mutant was combined with mutations in the RAD52 epistasis group. Consistent with this data, phenotypic analysis reveal that both the single rad54 mutant and the double mutant containing rad54 and ies4 phosphorylation mutations display the same level of viability in the presence of DNA-damaging agents ( Figure S10) . Therefore, the hypersensitivities of the ies4 phosphorylation mutants do not add to the hypersensitivities of DNA repair mutants. Taken together, these results define a functional role for the Mec1/Tel1 phosphorylation of the Ies4 subunit, possibly in the modulation of checkpoint responses following the involvement of repair proteins, such as those in the RAD52 epistasis group.
An ies4 Phosphorylation Mutant Is Linked to the Function of the Replication Checkpoint Factor Tof1
Global genetic analysis reveals that both members of the INO80 chromatin remodeling subfamily, INO80 and SWR1, play an important role in the maintenance of DNA integrity, including replicative damage pathways (Collins et al., 2007; Pan et al., 2006) . Because ies4 phosphorylation mutant alleles are hypersensitive to DNA-damaging agents that induce replication stress, such as MMS and HU, we sought to the further define the role of phosphorylated Ies4 in replication checkpoint responses by performing analyses with the checkpoint factor Tof1, which travels with the replication machinery and mediates the Rad53 checkpoint response (Alcasabas et al., 2001; Katou et al., 2003) .
Deletion of the replication checkpoint factor TOF1 in the ies4 mutant that cannot be phosphorylated results in impaired viability under normal growth conditions, hypersensitivity to HU, and lethality during temperature stress conditions ( Figure 6A ; Table S1 ). (It should be noted that the hypersensitivity of the ies4 mutant that mimics persistent phosphorylation is not as evident in Figure 6A as in Figures 4A and 4B because of the lower HU concentration used in Figure 6A .) HU treatment impedes replication by reducing cellular dNTP levels, thus activating an S phase checkpoint response as a result of the production of aberrant DNA structures. Tof1 is a key component of this replication checkpoint response as it promotes both replication fork pausing and fork recovery during HU treatment (Tourriere et al., 2005) . However, tof1 mutants show no phenotypic hypersensitivity to DNA-damaging agents, indicating that compensating factors exist for loss of Tof1 function (Foss, 2001 ). Similar to wild-type cells, tof1 single mutants and tof1 ies4 double mutants undergo Rad53 phosphorylation in response to HU exposure ( Figure 6B ; Foss, 2001) . During persistent HU treatment, wild-type, tof1 single mutant, and ies4 phosphorylation single mutant cells are able to progress into S phase, albeit at a considerably diminished rate, likely due to the continual development and repair of DNA damage ( Figure 6C ; data not shown). However, when TOF1 is deleted in the ies4 mutant that prevents phosphorylation, the cell cycle profile of this double mutant is altered, indicating a much more pronounced inability to replicate DNA in the presence of HU ( Figure 6C ). Additionally, unlike wild-type or single mutant strains, this tof1 ies4 double mutant has a dramatic decrease in viability when exposed to HU ( Figure 6D ). This reduction in viability correlates with a marked deficiency in the rate of S phase recovery following HU treatment ( Figure 6E) . Furthermore, FACS analysis of the tof1 ies4 double mutant consistently detected a significantly higher level of fluorescently stained DNA per cell compared to wild-type or either single mutant strain ( Figures 6C, 6E , and 6F), which is indicative of genomic instability and further emphasizes the importance of phosphorylated Ies4 in maintaining DNA integrity. Because the tof1 ies4 double mutant, but not either single mutant, displays these DNA damage-related phenotypes, these results suggest that Tof1 and phosphorylated Ies4 are compensating factors in the replication checkpoint response.
Paradoxically, although Rad53 is phosphorylated during HU treatment in the tof1 ies4 mutant, the cell cycle and viability defects of this double mutant are similar to that of rad53 mutants in S. cerevisiae, as well as mutants of the Rad53 replication checkpoint homolog in S. pombe, Cds1 (Alcasabas et al., 2001; Lopes et al., 2001; Murakami and Okayama, 1995) . This may suggest that the checkpoint functions of Tof1 and INO80 are independent of Rad53 and/or that, despite the checkpoint deficiencies in the tof1 ies4 double mutant, yet another factor compensates for the activation of Rad53. Similarly, cds1 mutants treated with HU are able to activate the Rad53 homolog that functions in G2/M, Chk1 (Brondello et al., 1999) . However, activation of Chk1 during the S phase checkpoint does not compensate for loss of Cds1 activity, as cds1 mutants treated with HU have altered checkpoint responses that result in decreased viability (Brondello et al., 1999; Murakami and Okayama, 1995) . Interestingly, the tof1 ies4 double mutant also has a reduced rate of S phase progression even without the addition of exogenous DNA-damaging agents ( Figure 6F ). This may be due to defects in the release of the double mutant from a factor or may suggest that Tof1 and INO80 also have a function that influences normal S phase kinetics, as recently observed for the function of Cds1 during replication (Meister et al., 2007) .
Taken together these results reveal that when treated with DNA-damaging agents the ies4 mutant that mimics persistent phosphorylation has an elevated checkpoint activation and that the ies4 mutant that cannot be phosphorylated displays deficiencies in checkpoint responses when the compensating function of Tof1 is also absent. These results further emphasize that proper maintenance of the phosphorylation status of Ies4 is critical during the DNA damage response, particularly when initiated by replicative stress.
DISCUSSION
The results presented in this study establish an ATPdependent chromatin remodeling complex as a novel and functional component in the Mec1/Tel1 DNA damage checkpoint signaling pathway, thereby expanding the scope of Mec1/Tel1 targets to chromatin remodeling factors. Our observations also show that different subunits of a chromatin remodeling complex have distinct functions in a given process, such as the DNA damage response, suggesting that the regulation of the complex is multifaceted. Furthermore, these results suggest a mechanism by which PTMs of chromatin remodeling complexes may regulate their involvement in distinct processes. Based on the results presented in this study and others, we have proposed a model for the Mec1/Tel1-directed involvement of INO80 in the DNA damage signaling pathway. In summary, Mec1/Tel1 regulates two aspects of INO80 during DNA damage response: one is through the phosphorylation of H2AX, leading to the recruitment of INO80 at DNA damage sites, and the other is phosphorylation of the Ies4 subunit of INO80. Following binding of the complex to damage sites, certain subunits, such as Nhp10, Arp8, and Arp5, affect DNA repair mechanisms, while phosphorylated Ies4 influences the checkpoint response. The checkpoint regulator Tof1 is a redundant factor that compensates for the lack of phosphorylated Ies4 ( Figure 7) .
A New Target in the Mec1/Tel1 (ATM/ATR) Signaling Pathway Many of the subunits of the INO80 complex are evolutionarily conserved, as is the involvement of INO80 in the DNA damage response Jin et al., 2005; Morrison et al., 2004; van Attikum et al., 2004) . However, because the Ies4 subunit is not evolutionarily conserved, it is possible that in other organisms, another subunit of the INO80 complex may substitute for the function of phosphorylated Ies4. Indeed, a number of the evolutionarily conserved INO80 subunits, such as the Ino80 ATPase and Rvb1/2 subunits, contain Mec1/Tel1 (ATM/ATR) consensus (S/T)Q motifs. However, in this study, phosphorylated Ies4 is the most evident PTM in cells treated with DNA-damaging agents, as measured in phospho-protein staining and 2D gel assays. Nevertheless, the observation that the INO80 in vitro ATPase activity is deregulated in complexes purified from mec1 tel1 mutant cells ( Figure S1 ) and not in purified INO80 complexes containing ies4 phosphorylation mutants (data not shown) provides evidence that Mec1/Tel1 may mediate the PTM of INO80 subunits other than Ies4, which in turn modulate the in vitro activity of the complex.
Moreover, because the (S/T)Q motifs are also found in the subunits of many chromatin-modifying complexes, it is likely that other complexes that have been implicated in DNA repair may also be regulated by the Mec1/Tel1 (ATM/ATR) kinases, including the ATP-dependent chromatin remodeling complexes SWI/SNF, RSC, and SWR1, as well as the histone-modifying complex NuA4. Therefore, chromatin-modifying complexes may represent a new class of Mec1/Tel1 (ATM/ATR) targets.
Connecting Chromatin Remodeling to Cell Cycle Checkpoint Pathways
Data presented in this report demonstrate that phosphorylation of Ies4 regulates the involvement of INO80 in checkpoint pathways that are initiated by replication stress. Interestingly, the checkpoint protein Tof1, which is a redundant factor for phosphorylated Ies4, is involved in sister chromatid cohesion during postreplicative repair (Redon et al., 2006; Xu et al., 2004) , a process which is intimately liked to chromatin modification (Unal et al., 2004) . Therefore, it may be that phosphorylation status of Ies4 alters the activity of INO80 to modulate the chromatin environment surrounding DNA damage in a manner that ultimately influences the ability of Tof1 to facilitate chromatin cohesion. In S. pombe, the Tof1-related checkpoint protein Swi1 cooperates with Cds1 to prevent both fork collapse and irreversible fork arrest during HU treatment . The cell cycle and viability alterations observed in the tof1 ies4 double mutant may be attributed to similar defects.
Alternatively, the phosphorylation status of Ies4 may influence DNA damage responses by altering the chromatin structure in such a way as to modify the ability of checkpoint proteins to localize to DNA damage sites. For instance, it has been postulated that the activity of chromatin remodeling complexes is involved in regulating the exposure of a modified histone for recognition by the Mec1/Tel1 regulates two aspects of INO80 when cells are exposed to DNA-damaging agents: one is the phosphorylation of H2AX, leading to the recruitment of INO80 at DNA damage sites; the other is phosphorylation of the Ies4 subunit. Following binding of the complex to damage sites, subunits, such as Nhp10, Arp8, and Arp5, affect DNA repair mechanisms, while phosphorylated Ies4 influences the checkpoint response. The replication checkpoint regulator Tof1 is a redundant factor for an ies4 phosphorylation mutant. checkpoint adaptor Rad9/53BP1/Crb2, which in turn modulates the activation of Rad53 (Vidanes et al., 2005) . Because genetic data indicates that an ies4 phosphorylation mutant functions in the same pathway as checkpoint proteins that regulate the activity of Rad53, such as Rad9 and Ddc1 (Kondo et al., 2001) , it is possible that the phosphorylation status of Ies4 in the INO80 complex may influence this chromatin remodeling process. Alternatively, it is also possible that Ies4 phosphorylation status modulates potential direct interactions between INO80 and checkpoint factors.
Recently, the INO80 and SWR1 complexes have also been implicated in checkpoint adaptation to a persistent DSB (Papamichos-Chronakis et al., 2006) . However, the precise mechanisms of how cell cycle checkpoints function in the chromatin environment are still not well understood. Our study further demonstrates a link between ATP-dependent chromatin remodeling complex to cell cycle checkpoint pathways and provides a platform to address this important connection.
Functional Diversity within the INO80 Complex
In this study, we show that nhp10 mutant cells, which have reduced association with chromatin regions containing g-H2AX (Morrison et al., 2004) , have delayed single-strand DNA resection. Interestingly, both Arp5 and Arp8 subunits of the INO80 complex have also been implicated in DNA repair mechanisms, such as NHEJ, DNA resection, and histone eviction (Kawashima et al., 2007; Tsukuda et al., 2005; van Attikum et al., 2004) . Both ARP8 and NHP10 genetically interact with members of the RAD52 epistasis group (Morrison et al., 2004) . However, during MMS treatment, significant defects in checkpoint responses in ino80, arp5, and arp8 mutants have not been detected (van Attikum et al., 2004) . In contrast, ies4 phosphorylation mutants do not genetically interact with repair genes or significantly affect repair processes, but rather influence cell cycle checkpoint regulation. These observations indicate that different subunits of the INO80 complex are involved in distinct steps during the DNA damage response, illustrating that the activities of the INO80 complex are multifaceted and highly regulated, a concept that may apply to other multisubunit chromatin-modifying complexes.
PTM of Chromatin-Modifying Complexes
Our study shows that a chromatin remodeling complex can be regulated by phosphorylation during the DNA damage response, thus revealing a novel mechanism for regulating the activities of a chromatin remodeling complex in this process. We speculate that not only INO80, but also other chromatin-modifying complexes may be regulated by PTMs. Indeed, phosphorylation-dependent alterations in the activities of the hSWI/SNF chromatin remodeling complex (Muchardt et al., 1996; Sif et al., 1998) , dMi-2 chromatin remodeling complex (Bouazoune and Brehm, 2005) , and the histone methyltransferase EZH2 (Cha et al., 2005) have been reported.
Much like the PTMs that can be found on histones themselves, these modifications may also be utilized to regulate chromatin-modifying complexes. This study and others suggest that a new layer of chromatin regulation exists and demonstrate that in addition to histone PTMs, which regulate many aspects of chromatin biology, the chromatin-modifying complexes themselves are also regulated by PTMs.
EXPERIMENTAL PROCEDURES
Strains, plasmids, and epitope-tagging procedures, as well as MALDI-MS and -PSD analysis of HPLC-purified Ies4, that were used in this study are described in the Supplemental Experimental Procedures.
Protein Purification and IP Kinase Reactions
Preparation of yeast whole-cell extracts and FLAG-immunoaffinity purification were previously described in detail (Shen, 2004) , except for the Ies4 phosphorylation induction time course assay, in which midlog phase cells were lysed with glass beads in buffer containing 0.3 M KCl. Unless noted in the Figure legend, INO80 complexes were purified from either untreated or MMS-treated (0.25% MMS for 2 hr) cells.
For kinase reactions, whole-cell extracts containing HA-tagged Tel1, HA-tagged kinase-dead Tel1 (Mallory and Petes, 2000) , or Flag-tagged Mec1 were prepared using buffer containing 0.1 M KCl and lacking NP-40. Immunoprecipitated complexes were washed with buffer containing either 0.4 M KCl (for HA-Tel1) or 0.5 M KCl (for Flag-Mec1). Kinase reactions containing INO80 complexes purified from the BY4705 mec1D tel1D strain were performed as previously described (Mallory and Petes, 2000) .
Gel Staining, Western Blotting, and ISA Assays The quantitative Pro-Q Diamond Phospho-protein Gel Stain (Invitrogen) and Deep Purple (GE Healthcare) were used in accordance with the manufacturers' protocol. The fluorescent intensity of protein bands was quantified using a Typhoon Variable Mode Imager (GE Healthcare). Induction of Ies4 phosphorylation was obtained by dividing the Ies4 signal from the Phospho-protein stain by the RuvB signal, an abundant protein that is readily stainable, from the Deep Purple total protein stain.
Rad53 antibody was purchased from Santa Cruz. The g-H2AX antibody was a gift from William M. Bonner (NIH) or purchased from Abcam. Rad53 ISA assays were performed as previously described, except 0.5 uM nonradioactive ATP was added to the reaction (Pellicioli et al., 1999) .
DNA Resection Assays
Yeast strains were derived from the JKM179 strain carrying a galactose-inducible HO endonuclease (Lee et al., 2000) . EcoRI-digested genomic DNA from galactose-treated samples was subjected to Southern blot analysis using a probe specific for the MATa locus that was amplified by PCR with the primers: forward, 5 0 -ATGTCCT GACTTCTTTTGACGAGG-3 0 ; reverse, 5 0 -CCGCATGGGCAGTT TACCT-3 0 .
E-MAP Analysis E-MAP analysis was carried out as previously described (Collins et al., 2007 (Collins et al., , 2006 Schuldiner et al., 2005) using a set of genes involved in various aspects of chromosome function ( Figure S9 ; Table S1 ). pRS416 plasmids encoding Ies4 FLAG-tagged proteins were transformed into an ies4D::NAT, and these strains we then crossed in duplicate to the E-MAP. The results from each set of screens were averaged.
Cell Cycle and FACS Analysis
Cells were arrested by adding 5 ug/mL a factor to the media twice for 1.25 hr per treatment. Cells were released from a factor arrest by washing cells and growth in media supplemented with 10 ug/mL pronase. For FACS analysis, RNase A and Proteinase K-treated cells were stained with 2 uM SYTOX Green nucleic acid stain (Invitrogen) and analyzed via standard flow cytometry techniques. 
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